Cell cycle progression of granulosa cells is critical for ovarian function, especially follicular maturation. During follicular maturation, FSH induces cyclin D2, which promotes G 1 progression by activating cyclin-dependent kinase-4 (Cdk4). Because cyclin D2-deficient mice exhibit a block in follicular growth, cyclin D2/Cdk4 has been hypothesized to be required for FSH-dependent proliferation of granulosa cells. Here we investigate ovarian function in Cdk4-knockout mice we recently generated. Cdk4 ؊/؊ females were sterile, but the morphology of their ovaries appeared normal before sexual maturation. The number of preovulatory follicles and the ovulation efficiency were modestly reduced in gonadotropin-treated Cdk4 ؊/؊ mice. However, unlike cyclin D2-deficient mice, Cdk4 
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N THE MAMMAL, the balance of growth-stimulatory and inhibitory signals regulates the G 1 phase of the cell cycle, governing the transition between proliferation and quiescence (1) . Cyclin-dependent kinases (Cdks), activated by the regulatory cyclin subunits, control cell cycle progression (2) (3) (4) (5) . Cyclin D-and cyclin E-dependent kinases play central roles in G 1 progression. During early G 1 , D-type cyclins, D1, D2, and D3, bind to and activate Cdk4 or Cdk6. Cyclin E activates Cdk2 in late G 1 . The coordinated temporal activation of cyclin D-and cyclin E-dependent kinases is crucial for proper transition from G 1 to S. Cyclin D-dependent phosphorylation of proteins in the retinoblastoma gene family, such as p130 and p110
Rb , increases the expression of the cyclin E gene by activating the transcription factor E2F. This forms a feed-forward control pathway (6, 7) . These G 1 -regulatory Cdks are subject to negative regulation mediated by the Cdk inhibitor proteins. The Cdk inhibitors are categorized into two groups: the Kip/Cip-type inhibitors, p21, p27, and p57, and the Ink4-type inhibitors, p16, p15, p18, and p19 (8, 9) . Recent studies using knockout mice have demonstrated that each of these Cdk inhibitors has a unique in vivo function, and they also share overlapping roles. For instance, p21-deficient mice develop apparently normally and are fertile, but they display a modest defect in establishing G 1 arrest in response to DNA damage (10, 11) . In contrast, p27-deficient mice exhibit gigantism with multitissue hyperplasia, female infertility, and benign adenomas in the intermediate lobe (melanotroph) of the pituitary (12) (13) (14) . The p57-deficient mice die perinatally with various developmental defects including impaired development of the intestine and bone (15, 16) . These data indicate that the regulation of cyclin D-and cyclin E-dependent kinases plays complex roles in the development and function of different tissues.
In the ovary, hormonal regulation of the cell cycle machinery in granulosa cells is critical for follicular growth, ovulation, and the formation of the corpus luteum (luteinization) (17) . Granulosa cells in primordial follicles are arrested in G 0 . During the transition from primordial to preantral follicles, granulosa cells undergo extremely slow cell cycle progression in response to undefined stimuli (18) . Thereafter, in response to FSH and estrogen, granulosa cells of preantral follicles initiate very rapid cell cycle progression. This proliferation leads to the development of large preovulatory follicles within 3 d in rodents (19) . These hormones are essential for the formation of preovulatory follicles because mice deficient in gonadotropins, FSH, or ER-␣ exhibit blockage in folliculogenesis at the preantral stage (20 -22) . Recently, JoAnne Richards' group (23, 24) elegantly demonstrated that cyclin D2 plays a key role in follicular growth and Abbreviations: BrdU, Bromodeoxyuridine; Cdk4, cyclin-dependent kinase-4; CG; COX2, cyclooxygenase-2; hCG, human CG; p.c., post coitum; p450scc, p450 side-chain cleavage cytochrome; PRLR, PRL receptor.
maturation. FSH or bromo-cAMP induces cyclin D2 expression in cultured rat granulosa cells. Moreover, mice deficient in cyclin D2 display a similar ovarian phenotype as these mutants, with impaired proliferation of granulosa cells and anovulation. These observations suggest that FSH-dependent induction of cyclin D2 is an essential driving force for cell cycle progression from preantral to preovulatory stage in folliculogenesis.
LH surge rapidly induces G 1 arrest and luteal differentiation of granulosa cells in preovulatory follicles. Granulosa cells in rat preovulatory follicles arrest in G 1 within 7 h, but ovulation occurs around 12 h after LH surge (25) . The cell cycle arrest coincides with rapid down-regulation of cyclin D2 expression, followed by induction of p21 and p27 expression (12, 24, 26) . Although p21-deficient mice exhibit no reproductive phenotype, p27-deficient female mice are sterile (12) (13) (14) . We previously demonstrated that granulosa cells in the ovary of p27-deficient mice continue to proliferate beyond 48 h after LH surge (26) . These data suggest that p27 plays a rate-limiting role in establishing quiescence of luteinizing granulosa cells.
To further investigate the role of G 1 -Cdk regulation in tissue development and function, we recently generated mice with targeted disruption of the Cdk4 gene (27) . Intriguingly, Cdk4-deficient female mice were sterile without exception. However, ovaries of adult homozygous females showed apparently normal antral follicles. Corpora lutea were also observed in Cdk4 Ϫ/Ϫ ovaries. Rane et al. (28) generated another strain of Cdk4-deficient mice independently, which also showed sterility. They also reported prolonged estrus cycle and low levels of serum progesterone in the mutant mice. Although these observations indicate that Cdk4 is essential for female fertility, the mechanism of sterility in Cdk4-deficient mice has not been determined. Cdk4 is expressed almost ubiquitously, and we need to clarify the involvement of the ovary and that of extraovarian tissues in the defect. In this report, we have investigated the mechanisms of the female reproductive defect in Cdk4 Ϫ/Ϫ mice.
Materials and Methods Animals
A Cdk4-null mutation, Cdk4 tm1Kiyo , was created in mouse embryonic stem cells, and mice with germline transmission of this mutation were bred, as described previously (27) . Mice were kept at 25 C with a 13-h light, 11-h dark cycle; they were fed a pelleted diet ad libitum. Heterozygous mutants in the C57BL/6 ϫ 129/sv background were intercrossed to generate ϩ/ϩ, ϩ/Ϫ, and Ϫ/Ϫ mice. Pups were genotyped by PCR amplification using tail DNA and the following primers: 5Ј-ATATT-GCTGAAGAGCTTGGCGG-3Ј, 5Ј-CGGAAGGCAGAGATTCGCTTAT-3Ј, and 5Ј-CCAGCCTGAAGCTAAGAGTAGCTGT-3Ј. The wild-type allele generated a 195-bp product, and the mutant allele formed a 315-bp product. Because a fraction of Cdk4 Ϫ/Ϫ mice develop diabetes mellitus by 8 wk of age (27) , we examined blood and urine glucose of every Cdk4 Ϫ/Ϫ mouse and used normoglycemic mice without glucosuria for the study. The day when the vaginal plug was found was taken as d 1 post coitum (p.c.). To stimulate follicular growth and ovulation (superovulation), 28-d-old females were injected ip with 5 IU of PMSG (Calbiochem, San Diego, CA), and 48 h later with 5 IU of human CG (hCG) (Calbiochem). To label cells in the S phase, mice were injected ip with 50 g bromodeoxyuridine (BrdU) per gram body weight at 2 h before sacrificing. To examine the effect of exogenous progesterone, mice were injected sc with 2 mg progesterone (Sigma, St. Louis, MO) dissolved in peanut oil, daily from d 2 p.c. Animals were used in compliance with the NIH/AAALAC guidelines and with the approval of the animal care review committee of the University of Illinois.
Hormone measurements
Blood samples were collected at noon of the day. Mice were anesthetized with an ip injection of avertin, and blood was collected by retroorbital sinus puncture. Precautions were taken to minimize the stress of animals during sampling. Progesterone and E2 were assayed using RIA kits (Diagnostics Systems Laboratories, Inc., Webster, TX), according to the manufacturer's protocols. PRL was measured by RIA in the laboratory of the National Hormone and Peptide Program.
Immunohistochemistry and immunoblotting
Tissue samples were fixed at 4 C overnight in 10% buffered-formalin (Sigma). Fixed samples were then dehydrated, paraffin-embedded, and sectioned with 5-m thickness by microtome, with standard procedures. To examine follicles in the entire ovary, samples were step sectioned with 100-m gaps and stained with hematoxylin and eosin. Immunohistochemistry for BrdU and p27 was performed as described previously (26) . A polyclonal rabbit antiserum to rat p450 side-chain cleavage cytochrome (p450scc) was previously characterized (29) . Anti-p27 monoclonal antibody (K25020) was obtained from Transduction Laboratories (San Diego, CA). Signals were visualized using the Vectastain Elite ABC kit (Vector Laboratories, Inc., Burlingame, CA) according to the manufacturer's instruction.
RT-PCR
Total RNA [250 ng for aromatase; 500 ng for cyclooxygenase-2 (COX2), PR, and L19] was reverse transcribed with poly dT and SuperScript (Life Technologies, Inc., Rockville, MD) at 37 C for 60 min. The target cDNA was amplified by PCR using 1.5 U Taq polymerase (Life Technologies, Inc.), 20 pmol of each primer, 0.25 mm dNTPs, 1.5 mm MgCl 2 in a 25-l reaction, at 94 C for 1 min, 62 C for 30 sec, 72 C for 45 sec with 27 cycles for aromatase and PR; 22 cycles for COX2 and L19. The primers used are: for aromatase, 5Ј-TGCACAGGCTCGAG-TACTTTC-3Ј and 5Ј-ATTTCCACAAGGTGCCTGTCC-3Ј (30); for PR, 5Ј-CCCACAGGAGTTTGTCAAACT-3Ј and 5Ј-TAACTTCAGACAT-CATTTCC-3Ј (31); for COX2, 5Ј-TGTACAAGCAGTGGCAAAGG-3Ј and 5Ј-GCTGTGGATCTTGCACATTG-3Ј; for L19, 5Ј-CTGAAGGT-CAAAGGGAATGTG-3Ј and 5Ј-GGACAGAGTCTTGATGATCTC-3Ј. Semiquantitative conditions for each transcript have been worked out using increasing amounts of RNA. Products were run on a 1.8% agarose gel and analyzed by the Gel Doc image analysis system (Bio-Rad Laboratories, Inc.). The amplified products were 268 bp, 326 bp, 431 bp, and 195 bp for aromatase, PR, COX2, and L19, respectively. The identity of every product was confirmed by direct sequencing.
Statistics
The significance of differences between groups was evaluated with ANOVA and t test.
Results

Ovulation and implantation in Cdk4
Ϫ/Ϫ mice To examine ovulation, fertilization, and implantation in Cdk4 Ϫ/Ϫ female mice, 8-wk-old Cdk4 ϩ/ϩ and Cdk4 Ϫ/Ϫ females were mated with fertile Cdk4 ϩ/ϩ males. On d 1 p.c., the numbers of ova found in the ampullae of Cdk4 ϩ/ϩ and Cdk4 Ϫ/Ϫ mice were 8.6 Ϯ 1.0 and 6.0 Ϯ 0.6, respectively (means Ϯ se, n ϭ 5). On d 4 p.c., the numbers of blastocysts found in uteri of Cdk4 ϩ/ϩ and Cdk4 Ϫ/Ϫ mice were 6.7 Ϯ 0.7 and 5.0 Ϯ 0.6, respectively (means Ϯ se, n ϭ 3). On d 6 -8 p.c., no implantation site was observed in uteri of Cdk4 Ϫ/Ϫ mice (n ϭ 6), whereas 6.5 Ϯ 1.0 sites (mean Ϯ se, n ϭ 5) were found in Cdk4 ϩ/ϩ females. Cdk4 Ϫ/Ϫ mice did not maintain obvious pseudopregnant status following mating and mated again usually within 7 d. Blastocysts recovered from Cdk4 Ϫ/Ϫ females developed normally when transferred into uteri of pseudopregnant normal females (data not shown). These data suggest that sterility of Cdk4 Ϫ/Ϫ mice is due to maternal defect(s) leading to implantation failure. Although the efficiency of ovulation was reduced in Cdk4 Ϫ/Ϫ mice, ovulation did occur and ova were fertilized properly.
Follicular development in Cdk4
Ϫ/Ϫ mice Spontaneous ovulation in Cdk4 Ϫ/Ϫ mice contrasts with blocked follicular growth and anovulation in cyclin D2-deficient mice (23, 24) . To determine whether prepubertal follicular development was altered in Cdk4 Ϫ/Ϫ mice, we first examined ovaries in 21-d-old Cdk4 Ϫ/Ϫ mice. The weight of the ovary was 2.38 Ϯ 0.14 mg and 1.88 Ϯ 0.22 mg (mean Ϯ sem, n ϭ 6) for Cdk4 ϩ/ϩ and Cdk4 Ϫ/Ϫ mice, respectively. Thus, Cdk4 Ϫ/Ϫ ovaries were approximately 20% smaller than wild-type, and the body weights of Cdk4 Ϫ/Ϫ mice were 30% smaller than those of Cdk4 ϩ/ϩ mice (8.73 Ϯ 1.54 vs. 12.37 Ϯ 0.97 g). Follicles were analyzed by step sectioning of each ovary (Fig. 1) . The distributions of primordial/primary follicles (type 1-3), preantral follicles with multiple layers of granulosa cells (type 4, 5), and small antral follicles (type 6) were quite similar between Cdk4 ϩ/ϩ and Cdk4 Ϫ/Ϫ ovaries. No large antral or preovulatory follicles (type 7, 8) were observed in these prepubertal animals. These results suggest that there is no major defect in the follicular development in the Cdk4-deficient ovary.
FSH-induced proliferation of Cdk4
Ϫ/Ϫ granulosa cells
To determine whether Cdk4 deficiency affects FSHinduced proliferation, we injected 28-d-old Cdk4 ϩ/ϩ and Cdk4 Ϫ/Ϫ mice with 5 IU PMSG. Immunohistochemistry for BrdU incorporation was performed to label cells in the S phase (Fig. 2) . Without PMSG treatment, both Cdk4 ϩ/ϩ and Cdk4 Ϫ/Ϫ ovaries displayed BrdU incorporation in some granulosa cells of small follicles. This is consistent with slow FSH-independent proliferation as described previously (18) . After PMSG treatment, granulosa cells in both Cdk4 ϩ/ϩ and Cdk4 Ϫ/Ϫ ovaries strongly stained with BrdU, suggesting that these cells were rapidly proliferating in response to FSH. At 48 h after PMSG treatment, we observed quite a few large (types 7 and 8) preovulatory follicles in Cdk4 Ϫ/Ϫ ovaries (17.3 Ϯ 1.7 follicles per mouse, mean Ϯ se, n ϭ 3). Cdk4 ϩ/ϩ ovaries displayed about 30% more preovulatory follicles (25.6 Ϯ 4.6, n ϭ 3), which could be associated with their larger sizes. These observations indicate that unlike cyclin D2-deficient granulosa cells, Cdk4-deficient granulosa cells are capable of undergoing rapid cell cycle progression in response to FSH.
Ovulation in Cdk4
Ϫ/Ϫ mice following hCG treatment
Next we investigated the response of Cdk4 Ϫ/Ϫ ovaries to an ovulatory dose of hCG. At 48 h after FSH treatment, 28-d-old Cdk4 ϩ/ϩ and Cdk4 Ϫ/Ϫ females were injected with 5 IU hCG. This well-established superovulation scheme triggers ovulation normally in 12 h. Ova in the ampullae were counted at 24 h after hCG treatment (Fig. 3A) . The number of ovulated ova in Cdk4 Ϫ/Ϫ mice was 36% lower than that in wild-type mice, which is consistent with the decrease in spontaneous ovulation. The lower ovulation efficiency could be related to fewer preovulatory follicles in Cdk4 Ϫ/Ϫ mice as described above. These data suggest that the absence of Cdk4 modestly affects the formation of preovulatory follicles and the efficiency of ovulation.
We further examined the expression of genes that are temporally expressed during preovulatory periods. Aromatase expression is increased in granulosa cells of antral follicles and decreased after ovulatory LH surge (32), consistently with its rate-limiting role in estrogen synthesis. COX2, also known as PG endoperoxide synthase-2, is induced rapidly but transiently after LH surge (33) , playing an essential role in ovulation (34, 35) . RT-PCR for these genes was performed on RNA prepared from ovaries at various time points after PMSG and hCG treatment (Fig. 3B) . In both Cdk4 ϩ/ϩ and Cdk4 Ϫ/Ϫ ovaries, aromatase expression was increased within 4 h after PMSG treatment and declined rapidly after hCG injection. No expression of COX2 was detected before hCG administration. At 4 h after hCG treatment, marked expression was detected at similar levels in both genotypes and became undetectable by 24 h after hCG.
The expression of the ribosomal L19 RNA, measured as a control, was relatively constant in both Cdk4 ϩ/ϩ and Cdk4
ovaries through the times examined. We also examined the expression of PR, an essential gene for ovulation (36) . PR was also regulated similarly in Cdk4 ϩ/ϩ and Cdk4 Ϫ/Ϫ mice, peaking at 4 h after hCG treatment (data not shown). These data suggest that the preovulatory expression of these genes is regulated normally in Cdk4-deficient mice.
Luteinization in Cdk4
Ϫ/Ϫ ovaries
Although hCG treatment induced ovulation in Cdk4
Ϫ/Ϫ mice at modestly reduced efficiency, the morphology of their ovaries displayed a significant change. At 48 h after hCG treatment, Cdk4 Ϫ/Ϫ ovaries demonstrated not only corpora lutea but a number of apparently luteinized follicles that still enclosed oocytes (Fig. 4) . Immunohistochemistry demonstrated that luteinized granulosa cells surrounding oocytes expressed p450scc and p27. Both of these proteins are abundant specifically in luteal cells of normal ovaries (26, 37) . The p450scc is a rate-limiting enzyme for progesterone synthesis, and p27 is one of the Cdk inhibitors critical for quiescence of luteal cells. These luteinized cells surrounding entrapped oocytes were postmitotic according to BrdU incorporation studies (data not shown). Cdk4 Ϫ/Ϫ mice displayed 10.3 Ϯ 0.7 luteinized follicles with oocytes entrapped (per mouse, mean Ϯ se, n ϭ 3), whereas Cdk4 ϩ/ϩ ovaries essentially did not show such follicles. These data indicate that luteinization occurs in Cdk4-deficient ovaries upon the LH signal. However, in some follicles undergoing luteinization, ovulation may be delayed or fail for unknown mechanisms.
Impaired luteal function in Cdk4
Ϫ/Ϫ mice 
shown). Progesterone levels in Cdk4
ϩ/ϩ mice increased remarkably within 4 h after hCG treatment and gradually decreased by 48 h (Fig. 5A) . In contrast, Cdk4 Ϫ/Ϫ mice exhibited a similar increase at 4 h, but the progesterone level fell rapidly within 12 h after hCG injection. We also examined levels of serum progesterone in mice after natural mating.
Cdk4
Ϫ/Ϫ mice on d 3-6 p.c. showed very low levels of progesterone, whereas Cdk4 ϩ/ϩ mice displayed sustained high levels (Ͼ20 ng/ml) of progesterone (Fig. 5B) . These data suggest that the maintenance of luteal function is impaired in Cdk4 Ϫ/Ϫ mice. To determine whether the decrease in circulating progesterone is responsible for the failure of implantation, we injected Cdk4 Ϫ/Ϫ mice with 2 mg progesterone daily from d 2 p.c. Of 18 Cdk4 Ϫ/Ϫ mice treated with progesterone, 14 mice showed successful implantation, as demonstrated in Fig. 5C . In contrast, none of 8 Cdk4 Ϫ/Ϫ mice treated with carrier oil displayed implantation. All Cdk4 ϩ/ϩ mice treated with or without progesterone displayed implantation sites (n ϭ 13). Of 12 Cdk4 Ϫ/Ϫ mice with progesterone observed through d 20 p.c., 9 were able to carry embryos to full term (data not shown). The restoration of pregnancy by exogenous progesterone indicates that defective maintenance of luteal function is the major cause of sterility of Cdk4-deficient mice. To obtain a clue to the mechanism of luteal dysfunction, we measured serum PRL levels in Cdk4 ϩ/ϩ and Cdk4 Ϫ/Ϫ mice after mating (Fig. 6 ) because PRL is a potent luteotropic factor (38) . On d 1 and 3 p.c., PRL levels in Cdk4 Ϫ/Ϫ mice were significantly lower than those in Cdk4 ϩ/ϩ mice. Therefore, impaired PRL secretion seems to play a key role in luteal dysfunction of Cdk4-deficient mice.
Discussion
In this study, we have demonstrated that Cdk4 is essential for the maintenance of luteal function. Cdk4 Ϫ/Ϫ female mice mated normally and ovulated with modestly decreased efficiency. Luteinization occurred on LH signal, as demonstrated by the induction of p450scc and p27. However, the level of serum progesterone decreased rapidly following the initial increase. Cdk4-deficient mice showed no implantation and repeatedly mated without obvious pseudopregnancy. Daily injections of progesterone rescued implantation and restored fertility. These data indicate that sterility of Cdk4-deficient mice is because of perturbed luteal function. The mechanism of the luteal dysfunction in Cdk4-deficient mice is most probably related to low levels of serum PRL. It has been well established that PRL is a potent luteotropic factor in rodents (38) . PRL secreted by the pituitary in response to mating is critical for the maintenance of luteal function during the early part of pregnancy. The PRL gene is expressed also in the decidua (39 -41) , and both the decidual PRL and placental lactogens have important tropic function later on in pregnancy. The PRL receptor (PRLR) is expressed in the corpus luteum, mammary gland, and many other cell types (42) . Female mice deficient for PRL or PRLR are sterile (43, 44) . The sterility of PRLR-deficient mice is characterized by defects in ovulation, cyclicity, fertilization, decidualization, implantation, and fetal survival (44) . Most of these defects are associated with insufficient luteal function and are rescued by progesterone treatment (45, 46) . Thus, the luteotropic action of PRL is essential for pregnancy. The low levels of serum PRL in Cdk4-deficient mice suggest that impaired PRL secretion after mating, presumably from the pituitary, plays a role in the insufficient luteal function in these mutants. We are currently studying the morphology and function of the lactotroph and other cell types in the pituitary of Cdk4-deficient mice. In addition to perturbed PRL signals, Cdk4-deficient luteal cells might have an autonomous defect. A recent study showed that luteinization of granulosa cells is accompanied by remarkable induction of cyclin D3 expression, which remains elevated until termination of the luteal function (47 In contrast to cyclin D2 deficiency, Cdk4 deficiency in mice does not impair follicular maturation to the preovulatory stage. Granulosa cells in cyclin D2-deficient mice are unable to proliferate on FSH treatment and fail to form preovulatory follicles (24) . Granulosa cells in Cdk4-deficient mice proliferate properly in response to FSH, leading to the formation of large preovulatory follicles. This clear difference suggests that cyclin D2 can drive granulosa cell proliferation independently of Cdk4. Cyclin D2 in Cdk4-deficient ovaries may activate other Cdks, especially Cdk6 (48, 49) . Cyclin D2 is expressed in granulosa cells but not detected in other types of ovarian cells such as theca, interstitial, and germ cells (23) . FSH and estrogen strongly increase the expression of cyclin D2, which triggers rapid proliferation of granulosa cells and the transition from preantral to preovulatory follicles. Cdk4 is expressed almost ubiquitously in most tissues including the ovary (47) . We have observed by immunohistochemistry that Cdk4 is expressed in granulosa and luteal cells as well as theca and interstitial cells in the ovary (Moons, D. S., H. Kiyokawa, unpublished observations). Cdk6 is also expressed in granulosa cells (47) . In immunoblotting studies we detected no significant change in Cdk6 expression in Cdk4-deficient ovaries (27) (Moons, D. S., H. Kiyokawa, unpublished observations). Nevertheless, it remains to be determined whether FSH regulates Cdk6 expression and/or complex formation with cyclin D2. Mice with targeted dis-
FIG. 5. Implantation failure in Cdk4
Ϫ/Ϫ mice is associated with perturbed progesterone secretion and can be rescued by progesterone. A, Cdk4 ϩ/ϩ (Ⅺ) and Cdk4 Ϫ/Ϫ (f) mice at 28 d of age were injected ip with 5 IU PMSG and 48 h later with 5 IU hCG. Blood was sampled at the times indicated in the panel, and serum levels of progesterone were determined. Data are indicated as mean Ϯ SEM (n ϭ 3). *, P Ͻ 0.05 vs. Cdk4 ϩ/ϩ mice. B, Cdk4 ϩ/ϩ (Ⅺ) and Cdk4 Ϫ/Ϫ (f) females at 6 wk of age were mated with Cdk4 ϩ/ϩ fertile males, and blood was sampled for progesterone measurement from females on the day that a vaginal plug was found (d 1) and d 2-6. Data are indicated as mean Ϯ SEM (n ϭ 3). *, P Ͻ 0.05 vs. Cdk4 ϩ/ϩ mice. C, Cdk4 Ϫ/Ϫ females at 6 wk of age were mated with Cdk4 ϩ/ϩ fertile males, and progesterone (2 mg) was injected sc daily from d 2 p.c. Mice were killed on d 8 p.c. to examine implantation sites of the uteri. The uterus of a Cdk4 ϩ/ϩ mouse on d 8 p.c. is shown as a control.
FIG. 6. Low levels of serum PRL in Cdk4
Ϫ/Ϫ mice after mating. Cdk4 ϩ/ϩ (Ⅺ) and Cdk4 Ϫ/Ϫ (f) females at 6 wk of age were mated with Cdk4 ϩ/ϩ fertile males, and blood was sampled on d 1 and 3 p.c. for PRL measurement. Data are indicated as mean Ϯ SEM (n ϭ 6). *, P Ͻ 0.05 vs. Cdk4 ϩ/ϩ mice.
ruption of Cdk6, which we are currently generating, will provide us with more insight into the molecular interaction of these Cdks in the ovary. Although Cdk4-deficient ovaries form large preovulatory follicles, they display a number of oocytes entrapped in luteinized follicles. Follicles in cyclin D2-deficient mice, which arrest at the stage of 3-4 layers of granulosa cells, are unable to ovulate with gonadotropin injections, but their granulosa cells differentiate into luteal cells (24) . Luteinized follicles with oocytes entrapped have been observed in other mouse models, including mice deficient in the nuclear corepressor Nrip1 (50), connexin 37 (51), or phosphodiesterase PDE4D (52) . Biochemical or genetic linkage of Cdk4 with these genes is obscure at this moment. In summary, Cdk4 is essential for female reproduction, especially for maintenance of the luteal function during the periimplantation stage of pregnancy. The mechanism of insufficient luteal function in Cdk4-deficient mice involves perturbed PRL secretion. Unlike cyclin D2, Cdk4 is not required for proliferation of granulosa cells during development of preovulatory follicles. Tissue-specific disruption of the Cdk4 gene will be informative to further investigate the role of Cdk4 in the female reproductive system.
